Abstract. Hydrological tracers have been recently used as a low-cost approach to study the fate and transport of pesticides in constructed wetlands. Yet, internal temporal and spatial mechanisms that dominate their transport and dissipation in such 10 environments are still not fully understood. We have applied three tracers with different sorptive and reactive properties: bromide (Br), uranine (UR) and sulforhodamine B (SRB) to investigate dominant temporal and spatial transport and dissipation processes of three selected pesticides: boscalid, penconazole and metazachlor in a model constructed wetland system designed to perform high vertical-resolution sampling and monitoring on a long-term basis. The experimental observations revealed that two different preferential flow paths developed, one due to the constructional design of the inflow and the other one due to the 15 influence of the free water at the surface along with the plants. Transport of solutes was driven by the injections and dominated for Br, UR and metazachlor. The final mass balance highlighted that the main dissipation pathways were sorption, transformation and plant uptake. Sorption was detected immediately after the injection of solutes, while transformation was enhanced by the presence of plants and the promotion of aerobic conditions. The detection of metazachlor transformation products confirmed the contribution of transformation to metazachlor dissipation, whereas boscalid and penconazole mainly 20 experienced sorption processes. The use of hydrological tracers together with selected pesticides and coupled with high verticalresolution sampling and monitoring proved to provide valuable information about transport vectors and dissipation processes of pesticides in a vegetated redox-dynamic environment on a long-term basis and detailed spatial scale.
al., 2011; Durst et al., 2013; Maillard et al., 2016) and farm ditches (Dollinger et al., 2017) . Yet, most studies have treated the systems as black boxes and the time scales were typically limited to the time spans of the tracers breakthroughs at the systems outlet. Hence, internal temporal and spatial mechanisms that dominate pesticides transport and dissipation in buffer zones are still not fully clear, especially when it comes to different redox regimes, long time scales and the presence of vegetation.
Therefore, the objectives of this study are i) to identify temporal and spatial transport and dissipation processes in a model 5 constructed wetland system by applying a multi-tracer approach together with high vertical-resolution sampling and monitoring on a long-term basis; ii) to compare the temporal and spatial behavior of the applied tracers with three pesticides selected as test substances and evaluate their main dissipation pathways; and iii) to assess the influence of vegetation and the alternation of different hydrologic conditions (saturated and unsaturated) on transport and dissipation processes.
The present experiment was conducted in a model constructed wetland system with one half planted with two common wetland 10 plants and the other half unplanted (control). The constructed wetland was equipped with a system designed to perform high vertical-resolution sampling and monitoring on a long-term basis. Three hydrological tracers were chosen as reference substances according to their reactive nature: bromide (Br) as a non-adsorbing tracer (Whitmer et al., 2000) , uranine (UR) as a photosensitive tracer (Gutowski et al., 2015) that can undergo processes of (bio-) chemical transformation and sulforhodamine B (SRB) as a highly sorptive tracer (Kasnavia et al., 1999) . Whereas, three commonly applied pesticides 15 with different physicochemical properties were selected as test substances: boscalid (2-chloro-N-(4'-chlorobiphenyl-2-yl) nicotinamide), penconazole ((RS)-1-[2-(2,4-dichlorophenyl) pentyl]-1H-1,2,4-triazole), and metazachlor (2-chloro-N-(pyrazol-1-ylmethyl) acet-2',6'-xylidide).
Materials and Methods

Chemicals
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The physio-chemical properties of tracers and pesticides are summarized in Table 1 . UR was purchased from , SRB from Waldeck GmbH & Co KG and Br was obtained as sodium bromide from Carl Roth GmbH & Co KG. Boscalid (99.8%), penconazole (99%) and metazachlor (99.7%) already dissolved in acetonitrile (99.9%) were purchased from Neochema (Bodenheim, Germany). The analytical standards of boscalid (99.9 %), penconazol (99.1 %), metazachlor (99.6 %) and p-Chlorobenzoic acid (99%) were purchased from Sigma-Aldrich Chemie 25 GmbH (Steinheim, Germany) . 1,2,4-Triazole (99.5%) was purchased from LGC Standards (Wesel, Germany). Metazachlor-ESA (95 %) and metazachlor-OA (98.8 %), hereunder named as met-ESA and met-OA, respectively, and the internal standard Terbutryn-D5 (98.5 %) already dissolved in acetonitrile (100 µg mL-1) were received from Neochema (Bodenheim, Germany).
The target injection masses of tracers and pesticides for an injection volume of 40 L were calculated according to Durst et al. (2013) , for sodium bromide, UR and SRB, respectively; and 50 µg L -1 for boscalid, penconazole and metazachlor.
Design of the model constructed wetland system
The model constructed wetland system consisted of a glass tank 177.4 cm long, 47.6 cm wide and 56.8 cm deep (Fig. 1 ). The 35 system was divided into three parts, two of them inlet and outlet reservoirs located at both ends and separated by two glass walls and a third part located in the middle consisting of the main bed of sediments. The bottom was filled with 10 cm of gravel (grain size 4-8 mm) and topped with 32 cm of sand (grain size 0.01-2 mm). The characteristics of the system are given in Table   2A . One half of the system was left unplanted (control), while the other half was planted with two species of widespread and ubiquitous wetland plants (Typha latifolia and Phragmites australis) that were purchased from a local garden center with an average initial height of 79.8 cm ± 18.6 and 76.9 cm ± 10.1, respectively. The whole experiment was carried out indoors in a laboratory assembly, therefore 64 OSRAM SSL 3W light-emitting diode lamps for plant growth (Purple Alien 2.0, LED Grow Shop, Germany) were installed with daily photoperiods of 11 hours.
The inlet and outlet were intended to create vertical water flows. This was achieved through the installation of two pairs of peristaltic pumps coupled to Plexiglas pipes (15 mm diameter) that were connected to the bottom of the system; and another 5 two pairs of peristaltic pumps coupled to Plexiglas pipes that channelled directly into the inlet and outlet reservoirs, respectively.
A tank with a capacity of 350 L that was connected to the tap water served as external inlet reservoir, while a second tank with a capacity of 1000 L received the waste water. In order to monitor the water level, three pairs of PVC observation pipes (DN:
35-40 mm, STÜWA Konrad Stükerjürgen GmbH, Germany) with a length of 50 cm, were arranged symmetrically on both sides at the center line of the system. One half of the pipes were located at the gravel layer and the other half in the sand.
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With a view to obtaining pore water samples at a high vertical resolution, a multi-level pipe was designed with a sampling resolution of 12 cm. This created a total of four sampling depths that ranged from the gravel to the uppermost layer of the sand.
Two multi-level pipes were installed in the sediment bed, one at the non-vegetated and the other one at the vegetated half of the system. Small glassfilters (12.5 mm diameter, porosity 2, ROBU, Germany) were installed in both multi-level pipes at each sampling depth. The filters were connected to a multichannel peristaltic pump (Pulse-free flow peristaltic pump, Gilson, France) 15 via capillaries made of stainless steel (1/16" inner diameter, Swagelok, Germany) that were directly inserted into TYGON tubes (ID: 1.02 mm, Proliquid, Germany). In addition, 5TE sensors (Decagon Em50 serie, Campbell Scientific) and redox probes (Paleo terra, Amsterdam, The Netherlands) were installed at the same depths in both multi-level pipes. Glassfilters, sensors and probes were separated from each other at an angle of 90 degrees at each sampling depth (Fig. 1B) . Furthermore, a reference electrode (Ag:AgCl) connected to the redox probes, was inserted in the sediment between the multi-level pipes. All sensors 20 and probes were connected to a datalogger (CR1000, Campbell Scientific).
Operation of the model constructed wetland system
The model constructed wetland system was designed to alternate saturated with unsaturated conditions (long periods of aeration). In total three phases were created ( Fig. 2 ): 1) saturation with target substances (one week), 2) drying by evapotranspiration (three weeks) and 3) saturation with clean water (one month). The saturation phases were preceded by the 25 injection of solutes or clean water (tap water). The operation of the constructed wetland is summarized in Table 2B . Prior to the injection of tracers and pesticides, the system was drained until field capacity was reached. The whole experiment lasted seven months (from March 2017 to October 2017), during which two identical experimental runs were performed. The first run (from March 9 to May 9, 2017) was followed by a resting period of about three months (from May 9 to August 1, 2017), during which occasional water additions to maintain the vegetation were carried out. After this, the second run (from August 1 to
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October 3, 2017) was conducted.
The execution of the injections is shown in Fig. 3 . Three injections took place in each run of the experiment: (i) initial surface injection of tracers and pesticides, (ii) injection of clean water (tap water) from the bottom of the system and (iii) flushing of the sediments with clean water from the bottom. The surface injection (i) was performed after having drained the system. The solution was constantly pumped into the inlet reservoir. Then, it began to overflow the inlet reservoir and enter the sediments 35 bed in descending direction. As the inflow progressed, the solution extended to the rest of the sediments in an upward direction.
The inflow was maintained until the system became saturated and a surface layer of approximately two centimeters height was formed on top of the sediments. The second injection (ii) was performed at the end of the drying phase by pumping clean water (tap water) from the bottom. The water flowed evenly through the sediment in vertical upward direction. The inflow was maintained until the system became saturated and a surface layer of approximately two centimeters height was formed on top 40 of the sediment. This injection was repeated throughout the second saturation phase in order to keep the system constantly saturated. The flushing of the system (iii) was performed at the end of the second saturation phase and it was intended to recover all mobile fractions of the target compounds. To do this, clean water (tap water) was injected from the bottom and was allowed to flow into the system continuously. Water overflowed the main bed and exited towards the outlet reservoir, from where it was pumped to the waste tank.
Sampling and monitoring
Pore water samples were collected from different depths twice a week during the experimental runs. The sampling of pore 5 water was performed simultaneously in order to prevent mixing of waters. A volume of 60 mL of pore water was transferred to 100 mL brown glass bottles and stored at 4ºC for major ions and tracers analysis. Previously, a volume of 10 mL was transferred to 15 mL Polypropylene tubes and stored at -20°C for the subsequent pesticide and TPs analysis. Additional pore water samples were taken before and after the initial injections of tracers and pesticides to account for the background. During the flushing of the system, surface water samples were collected at the outlet and transferred to 100 mL brown glass bottles.
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Following this, the samples were stored at 4 or -20ºC depending on the type of analysis performed afterwards (major ions and tracers analysis or pesticide and TPs, respectively).
At the end of the experiment, the sediment bed was emptied of its gravitational water. Following this, 16 sediment cores (four per longitudinal and four per lateral transect) were collected by inserting plastic pipes into the sediment. Sediment cores were divided into four fractions, each representing a different sampling depth (0-8 cm, 9-20 cm, 21-32 cm, 33-42 cm). The sediment 15 samples were dried at room temperature for 24 h and stored in the dark for subsequent measurements of tracers, total organic carbon and iron oxides. Then, the plants were removed from the vegetated zone and separated into aerial parts (stems and leaves) and roots. Immediately after they were oven dried at 60ºC for approximately 24 hours and stored in the dark for subsequent measurements of tracers. Biomass was determined on a dry matter basis.
Temperature, soil moisture, conductivity and redox potential were constantly monitored by means of the datalogger with an 20 interval of two minutes throughout the entire experiment. Redox potential was calculated by adding the potential from the reference electrode (Ag/AgCl) to the measured potential (Vorenhout et al., 2011) . The final result was corrected for differences in temperature according to Bard et al. (2018) . Concentrations of the tracers UR and SRB in pore and outlet water samples were measured by fluorescence spectrometry (Perkin Elmer LS 50 B) as previously described (Leibundgut et al., 2009 ). Briefly, a synchronous scan method was applied with an excitation/emission wavelength difference of 25 nm and target wavelengths of 488 nm and 561 nm for UR and SRB, 30 respectively. Detection limits were 0.05 µg L -1 for UR and 0.1 µg L -1 for SRB.
Pesticides and TPs in the pore-and outlet-water
Pore-and outlet-water samples were analyzed for the pesticides boscalid, penconazole, metazachlor and their known TPs 
TOC and iron oxides in the sediment
Total organic carbon (TOC) was measured in the sediment (sand) with a CNS-analyser (Vario El Cube, Elementar, Germany) 20 after grinding the dried samples with a vibratory disc mill (Siebtechnik GmbH, Germany). Dithionite-extractable Fe (Fed) in the sediment (sand) was extracted according to Mehra and Jackson (1960) and measured using inductively coupled plasmaoptical emission spectrometry (Spectro Ciros CCD, Spectro Analytical Instruments GmbH, Germany).
Data Analysis
Spatial and temporal dynamics of transport and dissipation of solutes were studied by analysing their breakthrough curves 25 obtained in the pore water at different depths. The influence of the vegetation and the hydrologic conditions were evaluated by comparing the results of the vegetated with the non-vegetated zones and the results of the saturation with the drying phases.
The performance of the two experimental runs was evaluated by means of the correlation between the Br breakthrough curves of the first and the second run. In addition, transport and plant uptake were assessed with the total percentage of Br recovered from the pore water of each experimental run. Here, a distinction between the different zones and depths was made.
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The general behavior of the solutes and their relationship in the pore water throughout the experiment were analyzed by correlation matrices. Spearman rank correlation coefficients (rhos) were applied since the data did not fit a normal distribution.
Correlations were calculated individually for the vegetated, the non-vegetated zone and the different depths. Additionally, the predominance of transport processes in the pore water was examined by looking at the correlation between the solutes and Br.
Here, a strong correlation with Br was assumed to be due to a prevalence of transport over other processes in the pore water,
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given the most conservative character of Br.
Further comparisons between tracers, pesticides and their TPs were made by analyzing their cumulative recovery curves obtained at the outlet after the flushing phases. The fate of the solutes and their main dissipation pathways were analyzed with a final overall mass balance that accounted for five different compartments (pore water, outlet water, sediments, stems + leaves and roots). The mass of tracers and pesticides recovered in the pore water was calculated as the sum of the weekly dissolved were reached in the vegetated part of the uppermost layer (3 cm), although the tracers and pesticides displayed more than double the relative concentration measured in the lowermost layer. Conversely, in the non-vegetated part of the uppermost layer, the tracers and pesticides showed a delayed breakthrough peak with lower relative concentrations.
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In the following days, two of the major metabolites of metazachlor (met-ESA and met-OA) were detected in the uppermost layer. In the vegetated zone, met-ESA peaked first (day 6). Five days later met-ESA appeared in the non-vegetated zone of the same layer with half of the relative concentration that was measured in the vegetated zone. Yet, during the same phase of the second run no TPs were found. A second peak of both met-ESA and met-OA, with about double the relative concentration measured before, was observed in the vegetated uppermost layer 32 days after the initial injection during the first run. Whereas 20 in the same period of the second run only met-ESA peaked displaying residual amounts.
A delay of about one month in the breakthrough peaks during both runs was observed in the middle sediment layers (15 and 27 cm). The maximum relative concentrations were reached at the end of the drying phase. This was related to the possible migration of solutes during the drop in the water table from the surface to lower layers. In this case, while in the non-vegetated zone clear breakthrough peaks of Br, UR and metazachlor could be detected, in the vegetated zone only Br displayed observable 25
amounts. Yet, a clear breakthrough peak of Br could only be measured during the second run at the sampling depth of 27 cm.
The relative concentration of tracers and pesticides experienced an overall decline during the second saturation phase until the end of the experiment in both runs. However, a late second peak of Br, UR and metazachlor was observed in the non-vegetated part of the uppermost layer during the second run. This result was related with possible upward migration of solutes from lower layers during the injection of clean water from the bottom. The uppermost layer was also a hot spot for sorption and degradation processes, regardless of the presence of vegetation. This conclusion is based on the fact that the most sorptive solutes (boscalid and penconazole) did not migrate to lower layers during the drop of the water table. Besides, the TPs of metazachlor were only detected in the uppermost layer.
From a temporal point of view, preferential flow took place at the beginning of the experiment according to the early breakthrough peaks detected. Later, vertical transport processes dominated during the drying phase, as demonstrated by the 5 temporal dynamics of the most mobile solutes (Br, UR and metazachlor). Sorption most likely ocurred shortly after the injection of tracers and pesticides, since the relative concentration of the most sorptive solutes decreased rapidly in the areas where they were detected. Likewise, degradation processes were observed at early stages and dominated during the drying period, when the maximum relative concentration of metazachlor TPs were measured.
Role of vegetation and hydrologic conditions in transport and dissipation processes
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The overall absence of breakthrough curves in the vegetated zone of the middle layers and the early breakthrough curves measured in the vegetated zone of the uppermost layer confirmed the influence of the plants, in both, dissipation processes and the promotion of preferential flows, respectively. In addition, the increased occurrence of metazachlor TPs in the vegetated zone of the uppermost layer evidenced the role of the plants in enhancing transformation processes.
The performance of the system over time in terms of transport and dissipation was also affected by the presence of plants.
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When comparing the correlation between the breakthrough curves of Br (chosen for its most conservative character) of the first and the second run, differences between the vegetated and non-vegetated zones were observed (Table 3) . Indeed, with the exception of the uppermost layer, the non-vegetated zone showed strong correlation between the two runs regardless of the layer, whereas the vegetated did not show any correlation. This means that the performance of the non-vegetated zone was similar in both runs, whereas the vegetated behaved differently. We hypothesize that possible changes in root density and/or 20 spatial distribution occurred during the experiment. This assumption was supported by visual observations of the root system in the sediment (Fig. 5) . As a result, presumably both transport processes and plant uptake varied over time (Goss et al., 1993) .
The magnitude of these changes was analyzed by the total percentage of bromide recovered from the pore water (Table 4) .
Here, similar values were observed in both runs for the vegetated zone at 39 and 27 cm depth. Consequently, the different breakthrough curves measured in each run was most likely due to changes in transport processes rather than plant uptake. In 25 contrast, the vegetated part at 15 cm depth showed different Br recoveries between the two runs. Therefore, plant uptake was probably more important than transport in this layer. The uppermost layer also displayed different Br recoveries in the vegetated zone, but in this case given that no correlation was found between the first and the second run, the differences were most likely due to the strong influence of preferential flow.
The results of the breakthrough curves also revealed that the alternation of different hydrologic conditions (saturation with 30 drying periods) enhanced transformation processes, as already reported in other studies (Vymazal et al., 2015; Maillard et al., 2016) . Indeed, the maximum relative concentration of metazachlor TPs were measured after the promotion of aerobic conditions during the drying period.
Relationship between solutes throughout the experiment
Two layers exhibited the strongest correlations between solutes (Fig. 6 ): the lower-and the uppermost layer. These findings
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were consistent with the hypothesis that transport by preferential flow was the dominant process in these layers, given the strong correlation shown between the solutes and Br. Yet, this was not true for all pesticides, as boscalid and penconazole did not correlate with Br in the vegetated zone of the lowermost layer and the non-vegetated zone of the uppermost layer. For these pesticides, probably other processes, such as sorption or plant uptake dominated during the experiment.
In the middle layers only UR and metazachlor exhibited significant correlations with Br, although in the vegetated zone no correlation was found between metazachlor and Br. These results suggested that transport was the dominant process for metazachlor in the absence of vegetation, while in the vegetated zone other processes, most likely plant uptake, mineralization 5 in the roots, sorption and transformation predominated. In contrast, UR correlated with Br in all layers regardless of the presence of vegetation. Therefore, transport was almost certainly the dominant process for UR in the pore water during the experiment.
This was not the case for SRB, whose strong positive correlation with Br in the upper-and lowermost layers further confirmed the creation of preferential flow paths, given its strong sorptive character.
As for the TPs of metazachlor, Met-ESA, displayed strong positive correlation with the tracers and pesticides in the vegetated 10 zone of the uppermost layer, whereas met-OA did not show any statistically significant correlation. These results may indicate that met-ESA experienced transport processes in the uppermost layer after it was formed in the system. Yet, for met-OA no conclusion could be drawn, given the lower amounts detected in the present study.
Recoveries of solutes at the outlet
The results of the cumulative recovery curves obtained at the outlet during the first flushings (Fig. 7) showed a rapid increase 15 in accumulated mass recovery for Br, whereas the rest of the solutes displayed comparatively slower increases. In the following flushings, the accumulated mass recovery of SRB, penconazole and boscalid gradually increased, while for Br, UR and metazachlor it stabilized. These results suggested that the retained fractions of SRB, boscalid and penconazole in the soil were greater than for Br, UR and metazachlor. Indeed, SRB, boscalid and penconazole still exhibited increases in their accumulated mass recoveries weeks or even months after the first flushing. Analogous recovery curves for SRB, boscalid and penconazole
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were observed (Fig. 7-A1 and B1) even though SRB has different chemical properties and showed higher mass recoveries than boscalid and penconazole (Table 5 ). Yet, this was only true after the system was repeatedly flushed. A possible explanation for these similarities is that SRB, boscalid and penconazole have high Koc values, which means that these compounds are strongly retained in the soil matrix (Long et al., 2005; Vallée et al., 2014; Dollinger et al., 2017) .
Small amounts of metazachlor TPs, especially met-ESA, were also recovered at the outlet of the system, thereby evidencing 25 their great mobility and persistence in the environment (Mamy et al., 2005 ; European Food Safety Authority (EFSA), 2008).
According to the total amount of tracers and pesticides recovered at the outlet after the flushings (Table 5) , the tracers and pesticides were classified as follows: Br >> SRB >> UR >> Boscalid >> Penconazole >> Metazachlor. It is believed that several processes in our system, mostly adsorption by substrates, transformation and plant uptake, were responsible for the removal of tracers and pesticides. Nevertheless, the physico-chemical properties of the compounds have been the determining factor for 30 their dissipation. In this regard, Vallée et al. (2014) found that a greater retention of pesticides in the soil was related to higher hydrophobic properties (low solubilities and high Koc values). Based on this assumption, we would have expected higher recoveries for metazachlor than for penconazole and boscalid, given its less hydrophobic character. However, unlike for boscalid and penconazole, transformation processes predominated for metazachlor, as demonstrated by the measurement of its , 2015) . As for the tracers, Br recovery was the highest, as expected given its most conservative character. The lowest recoveries of UR were assumed to be due to both retention and especially degradation, as already reported by Lange et al. (2018) . Whereas SRB mainly experienced sorption, as evidenced by its behavior in the pore water and the results of the cumulative recovery curves. The overall mass balance performed at the end of the experiment is shown in Fig. 8 . According to the results, Br was recovered almost fully (98.3 %), while UR and SRB displayed lower recoveries (32.4 % and 76 %, respectively). Based on the different compartments, Br showed the highest recoveries in the outlet water, followed by the stems and leaves, whereas SRB and UR were mainly found in the sediment and the outlet water, respectively. These results highlighted different dissipation pathways of the solutes. Indeed, as already evidenced by the breakthrough and cumulative recovery curves, Br displayed the most 5 conservative character, although plant uptake was proven to be an important dissipation pathway for this tracer. In contrast, the main dissipation pathway of SRB was sorption, which was in agreement with its sorptive character (Kasnavia et al., 1999) . UR, on the other hand, displayed comparatively lower recoveries, and based on the small amounts found in the sediments, sorption processes were not relevant for its dissipation. Thus, it is most likely that degradation via (bio-)chemical transformation was the dominant process for UR, as already reported in other long-term studies (Maillard et al., 2016; Lange et al., 2018 , Fernández-10 Pascual et al., 2018 . Likewise, biochemical transformation contributed to metazachlor dissipation, as was confirmed by the measurements of its TPs, whereas the transformation of boscalid and penconazole could not be proven. Yet, it was not ruled out in the present study since the concentration of their metabolites may have been below the limit of quantification (≤ 9.29 and ≤ 10.28 µg L -1 for p-Chlorobenzoic acid and 1,2,4-Triazole, respectively). However, considering the duration of the experiment (two months each run) and the DT50 values of boscalid and penconazole, it was most likely that transformation did 15 not take place. In addition, their high sorption affinity probably made them less bioavailable. Therefore, and based on the overall results, sorption played the main role in the dissipation of boscalid and penconazole. As for the plant uptake of pesticides, although it was not possible to measure it in the present study, it was assumed that it took place during the experiment. Previous investigations have already reported plant uptake of pesticides. For instance, Papaevangelou et al. (2017) demonstrated that high amounts of boscalid accumulated in the tissue of Phragmites australis in constructed wetlands, although 20 adsorption accounted as a main process as well. The same plant species was shown to take up, translocate and metabolize tebuconazole (Lv et al., 2017) , a triazole fungicide similar to penconazole. Traces of metazachlor and its metabolites were also detected in the roots and stems of Glyceria maxima in wetland mesocosms experiments (Chen et al., 2017) , although plant uptake was reported to play a negligible role in their removal.
Final mass balance
The contribution of vegetation to uptake and breakdown was also confirmed by the final mass balance. Indeed, lower amounts 25 of UR and Br were recovered from the pore water of the vegetated compared to the non-vegetated zone (Fig. 8A) . Moreover, most of the TPs of metazachlor were recovered from the pore water of the vegetated zone. Contrary to expectations, the largest amounts of pesticides and SRB were recovered from the pore water of the vegetated zone. Yet, these results supported the hypothesis of the creation of preferential flow paths induced by the plants (Durst et al., 2013) . On the other hand, most of SRB was found sorbed in the sediment of the vegetated zone, where the highest concentration of organic carbon was located (Fig.   30 9), thereby contradicting the greatest tendency of SRB to sorption onto mineral surfaces (Kasnavia et al., 1999) . Nevertheless, it has been recently demonstrated that SRB has high sorption affinity for litters in wetlands (Dollinger et al., 2017) . Thus, probably the presence of dead leaves and decaying plant residues in the uppermost layer enhanced sorption of SRB.
Conclusions
The use of hydrological tracers with different sorptive and reactive properties together with selected pesticides and coupled
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with high vertical-resolution sampling and monitoring in a model constructed wetland system provided valuable information about transport and dissipation processes on a long-term basis and detailed spatial scale. By comparing tracers with selected pesticides, dominant transport vectors and main dissipation pathways could be identified.
Preferential flow was a crucial component affecting the fate and dissipation of solutes in the system and was caused by both the constructional design of the inflow and the free water at the surface along with the plants. The strong positive correlation 40 found between Br, UR and metazachlor highlighted the predominance of transport processes for these compounds. By contrast, SRB, boscalid and penconazole only displayed significant correlations where preferential flow paths took place, which, together with their absence or low detection in the middle sediment layers suggested high sorption affinity. These findings were supported by the gradual increase in accumulated mass recovery obtained for these solutes during flushings. Yet, their different final recoveries indicated lower leaching potential of boscalid and penconazole compared to SRB.
The final overall mass balance indicated that plant uptake, transformation and sorption were the main dissipation pathways.
The detection of metazachlor TPs, namely met-ESA and met-OA demonstrated that biochemical transformation had a major 5 contribution to metazachlor dissipation. Met-ESA and met-OA recoveries obtained at the outlet of the system during flushings confirmed their great mobility and persistence. In contrast, sorption was the main dissipation pathway for boscalid and penconazole, although their transformation could not be ruled out within the timeframe of the present study. Likewise, plant uptake of pesticides could not be confirmed but was assumed to have taken place throughout the experiment. Smart and Laidlaw (1977) Values represent means ± standard deviation 
